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Introduction {#sec1}
============

Ubiquitously present enzymatic active sites, where target substrates are selectively extracted from a complex mixture (e.g., biological fluid) and transformed with efficient rate accelerations, predetermined geometry (beneficial orientation and conformation), and superb stereocontrol under physiological conditions (at *ca* 36°C, in aqueous media at pH 7), represent the paradigmatic ideal for supramolecular chemistry ([@bib39], [@bib6], [@bib66]). The construction of various artificial supramolecular receptors that mimic enzymes with highly selective binding of biologically important molecules in aqueous media has received substantial attention in recent years ([@bib29], [@bib47], [@bib91], [@bib27], [@bib84], [@bib4], [@bib62], [@bib53], [@bib57]). Cyclodextrins (CDXs), which are prominent naturally occurring host molecules that possess tunable hydrophobic cavities capable of selectively binding specific substrates in water via non-covalent interactions, are of particular interest in this regard ([@bib72], [@bib65]). These fascinating properties of CDXs can be further enhanced by selective modifications that enable them to be used in various applications such as catalysis, enzyme mimetic, and molecular sensing ([@bib84], [@bib4], [@bib62], [@bib53], [@bib57], [@bib60], [@bib73], [@bib26]). This CDX-based supramolecular sensing approach, in which selectivity and sensitivity can be tuned to the desired analyte by choosing the specific cavity size, shape, and charge complementarity, has apparent advantages over conventional analytical chemistry techniques and instruments, such as ionic conductivity, mass spectrometry, electrochemical sensing, bio-polymer-based sensing, and indicator displacement methods ([@bib84]). Taking advantage of multiple weak non-covalent interactions involved in the formation of supramolecular complexes, CDX-based systems are able to produce novel and important practical functions.

Nucleotides are composed of a five-carbon sugar (ribose or deoxyribose) unit connected to a hydrophobic nitrogenous base at the anomeric carbon and one to three negatively charged phosphate groups on the primary hydroxyl moiety. Among all nucleotides, adenosine 5′-monophosphate (AMP), adenosine 5′-diphosphate (ADP), and adenosine 5′-triphosphate (ATP) are particularly important since these nucleotides play a decisive and fundamental role in metabolism at the cellular level and they are involved in several processes including cellular signal transmission and transduction, modulation of ion channels, bioenergetics, and the transfer of genetic information ([@bib41], [@bib3]). ATP is a universal energy supplier in living cells, with the required energy for the cell accomplished by metabolic conversion of the nucleotide back into its precursors ADP and/or AMP ([@bib41], [@bib3]). Therefore, effective differentiation of ATP from ADP and AMP by artificial sensors is highly important to quantify the amount of each of these nucleotides in a cell. Based on the ATP/AMP ratio, one can understand and control the accompanying metabolic pathways in the cell that generate and consume ATP. Indeed, this is one of the most efficient methods to determine the amount of energy required for a cell. Furthermore, as ADP and ATP have different biochemical roles in metabolic processes, their interaction with proteins and other biomolecules are varied. Remarkably, PII proteins are one of the most widely distributed families of signal transduction proteins in nature and their competitive interaction with ATP and ADP serves as a sensor for the "energy charge" of bacteria ([@bib78], [@bib33], [@bib32]). Therefore, sensing and distinguishing these nucleotides using supramolecular fluorescent probes (in aqueous medium) is an urgently needed yet challenging task for researchers, and the development of such a sensor is in high demand. It is important to note that these specially designed supramolecular receptors should distinguish the structurally similar nucleotides based on their different total anionic charge densities via differential binding affinities.

Many selective fluorescent and/or colorimetric chemosensing probes for adenosine nucleotides have been developed ([@bib91], [@bib53], [@bib64], [@bib90], [@bib23], [@bib80], [@bib1], [@bib61], [@bib54], [@bib81], [@bib31], [@bib43], [@bib44], [@bib71], [@bib14], [@bib67], [@bib35], [@bib45], [@bib76]). A singular sensing probe with a differential signaling response to the three phosphorylation states of adenosine, however, has not been reported. Indeed, the design of most previously reported receptors is mainly focused on targeting the negatively charged phosphate group via interactions with a metal or cationic unit tethered to a fluorophore. Moreover, such sensors are typically employed in organic or aqueous-organic media ([@bib84], [@bib4], [@bib62], [@bib53], [@bib57], [@bib64], [@bib90], [@bib23], [@bib80], [@bib1], [@bib61], [@bib54], [@bib81], [@bib31], [@bib43], [@bib44], [@bib71], [@bib14], [@bib67], [@bib35]); while only a few systems are able to function in a complex aqueous media though being not suited for practical applications ([@bib64], [@bib90], [@bib23], [@bib80], [@bib1], [@bib43], [@bib44], [@bib71], [@bib14], [@bib67]). Furthermore, when designing an aqueous media nucleotide sensor system, the selectivity for nucleotides over related inorganic phosphate analogues with similar anionic charge densities, such as phosphate (Pi), diphosphate (PPi), and triphosphate (triPi, [Scheme 1](#sch1){ref-type="fig"}), must be taken into account. Many studies have collectively reported on selective binding and diverse recognition interactions between positively charged CDXs and various nucleotide phosphates ([@bib27], [@bib16], [@bib17], [@bib70], [@bib75], [@bib13], [@bib28], [@bib58], [@bib85], [@bib2], [@bib83], [@bib18], [@bib19]). Nevertheless, such highly adaptable systems have yet to yield selective chemosensors for real-time applications. Recently, Hayashita and co-workers disclosed a guest-targeting azo/coumarin-modified CDX-copper complex as a probe for distinguishing ATP from AMP and ADP ([@bib21], [@bib82]). The majority of known sensors, however, suffer from a low selectivity and sensitivity toward structurally similar nucleotides, and they demonstrate significantly reduced binding affinity in complex aqueous media, thus making them inappropriate for applications under biologically relevant conditions ([@bib64], [@bib90], [@bib23], [@bib80], [@bib1]). There are only a few examples of selective nucleotide sensors available ([@bib84], [@bib4], [@bib62], [@bib53], [@bib57], [@bib64], [@bib90], [@bib23], [@bib80], [@bib1], [@bib61], [@bib54], [@bib81], [@bib31], [@bib43], [@bib44], [@bib71], [@bib14], [@bib67], [@bib35]), and these examples still are not well suited to the requirements of chemosensing probes, owing to poor solubility in pH-buffered solutions, competitive interference from similar anionic analytes, inefficient detecting ability in competitive aqueous media, poor bio-compatibility, unacceptably low bio-sensing responses in cells and biological fluids, or response in high analyte concentrations. Therefore, the design and development of a single supramolecular sensor that is able to distinguish between structurally similar nucleotides based on their different total anionic charge densities is a fascinating goal for many researchers working in biological and supramolecular chemistry.Scheme 1Structures of the Supramolecular Receptors and Analytes.Structure of the (A) designed supramolecular A/B/GCDX-QUI-2 receptors and (B) nucleotides (AMP, ADP, and ATP) and inorganic phosphates (Pi, PPi, and triPi).

Indeed, introduction of fluorophores with functional groups to the primary or secondary side arms of CDXs gives two advantages for the development of selective nucleotide probes: an external additional binding site and a fluorogenic signaling unit for guest molecules. Quinoline motifs frequently are used as sensing probes ([@bib55], [@bib74], [@bib56], [@bib63], [@bib7]) for various analytes owing to their desirable structure and unique photophysical properties such as relatively high photostability, long-wavelength absorption, and moderate fluorescence emission. Therefore, many mono-quinoline-appended CDX derivatives have been used as sensing probes for cations and neutral analytes ([@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib47], [@bib86], [@bib11], [@bib89], [@bib46], [@bib9], [@bib12]). Herein, for the first time, we designed bis-quinoline receptors, A/B/GCDX-QUI-2 ([Scheme 1](#sch1){ref-type="fig"}), which contain two main recognition sites: the CDX cavity as a hydrophobic guest binding site and the appended mono-*N*-bis-(8-methylaminoquinolyl) unit acting simultaneously as a fluorophore and metal-binding unit. This combination is indispensable to the substrate/analyte-specific response function. In the present study, the copper-coordinated BCDX-QUI-2 receptor (probe **L1**) was used as a differentiating fluorescence and colorimetric sensor for detecting adenosine-based nucleotides (AMP, ADP, and ATP), and it demonstrated significant selectivity toward AMP and ATP in aqueous media. A unique binding mechanism is proposed on the basis of UV-vis absorption, fluorescence measurements, NMR experiments, and theoretical simulations.

Results and Discussion {#sec2}
======================

Conformational Analysis of Sensing Receptors {#sec2.1}
--------------------------------------------

In general, the cavity of a CDX host provides a chiral microenvironment to the tethered achiral chromophoric moiety and generates a corresponding induced circular dichroism (ICD) signal ([@bib24], [@bib36], [@bib40]) that depends on the mutual spatial arrangement of the CDX axis and chromophore position. It is important to note that the geometry of molecules with two chromophores linked to a single nitrogen atom of amine as coordinating functional group attaching to the chiral carbon could be controlled by oxidation state of complexing metal ion, hence resulting in the opposite sign of exciton-coupled circular dichroism (ECCD) spectra, which was dependent upon the cationic oxidation form ([@bib25], [@bib87], [@bib88], [@bib8]). We herein synthesized the A/B/GCDX-QUI-2 receptors with different cavity sizes and analyzed the effect of the CDX cavity size and solvent used on the conformation of the tethered mono-*N*-bis-(8-methylquinolyl) chromophoric moiety.

The supramolecular receptors, A/B/GCDX-QUI-2 ([Scheme 1](#sch1){ref-type="fig"}), were synthesized by reacting two equivalents of 8-(bromomethyl)quinoline with the respective mono-6-amino-α/β/γ-CDXs (see [Scheme S3](#mmc1){ref-type="supplementary-material"}). The synthetic A/B/GCDX-QUI-2 derivatives were fully characterized by using various analytical techniques (see [Figures S4--S19](#mmc1){ref-type="supplementary-material"}), and their conformations in water and methanol were analyzed by CD ([@bib24], [@bib36], [@bib40]) and ^1^H and 2D NMR spectroscopic studies. The UV-vis absorption spectra of A/B/GCDX-QUI-2 have similar absorption maxima at 206, 226 (shoulder), 284, and 315 nm and a single emission band observed at 427 nm upon excitation (λ~exc~) at 315 nm in both water and methanol ([Figures 1](#fig1){ref-type="fig"} and [S23](#mmc1){ref-type="supplementary-material"}). The absorption bands at 226, 284, and 315 nm are attributed to the long (^1^B~b~) and short (^1^L~a,b~)-axis polarized π-π∗ transitions of the quinoline chromophore ([@bib55], [@bib74], [@bib56], [@bib63], [@bib7], [@bib49], [@bib50], [@bib51], [@bib52], [@bib11], [@bib89], [@bib46], [@bib9], [@bib12]). As shown in [Figure 1](#fig1){ref-type="fig"}, the chiroptical behaviors in water and methanol of the three CDX-QUI-2 sensors depend significantly upon the CDX cavity size.Figure 1Conformational Analysis of Sensing ReceptorsCircular dichroism and UV-vis absorption spectra of receptors (A) ACDX-QUI-2 (3.95 × 10^−5^ M), (B) BCDX-QUI-2 (3.68 × 10^−5^ M), and (C) GCDX-QUI-2 (3.17 × 10^−5^ M) in water and methanol at 25°C. (D) Schematic representation of the quinoline chromophore conformations proposed by applying the empirical rule on the ICD phenomena of CDX complexes ([@bib24], [@bib36], [@bib40]) and the exciton chirality theory ([@bib25], [@bib87], [@bib88], [@bib8]) to the CD spectra of A/B/GCDX-QUI-2.

In the CD spectra of A/B/GCDX-QUI-2 derivatives ([Figure 1](#fig1){ref-type="fig"}), the ICD signals of the two quinoline chromophores appeared at ∼230 and 290 nm and are attributed to the corresponding ^1^B~b~ and ^1^L~a,b~ electronic transitions. ACDX-QUI-2 has almost the same CD profile in both water and methanol, and this result is indicative of conformational similarities of the quinoline moieties in either solvent ([Figure 1](#fig1){ref-type="fig"}A). BCDX-QUI-2 and GCDX-QUI-2, on the other hand, demonstrate different chiroptical behavior in these two solvents, apparently as a result of solvent-dependent conformational variability. Specifically, the CD spectra of BCDX-QUI-2 and GCDX-QUI-2 in water consist of a negative couplet (a weak negative Cotton effect \[CE\] signal located at low energy of the spectrum followed by a strong positive CE signal located at high energy of the spectrum) appearing around 234 and 233 nm, respectively ([Figures 1](#fig1){ref-type="fig"}B and 1C). According to the empirical rule on the ICD phenomena of CDX complexes ([@bib24], [@bib36], [@bib40]), the observed CD signals of BCDX-QUI-2 and GCDX-QUI-2 indicate that the anchored quinoline chromophores locate inside the CDX cavities with the long ^1^B~b~ transition band being parallel to the CDX axis and the short ^1^L~a,b~ transition band being almost vertical to the CDX axis. Both the quinoline chromophores (in GCDX-QUI-2) or only one quinoline chromophore (in BCDX-QUI-2) accommodated inside the CDX cavity (see below) resulted in the counterclockwise orientation of its electronic transitions that correspond to the negative exciton chirality ECCD signals (a negative CE followed by positive CE, reading from a longer to shorter wavelength) according to the exciton chirality method ([@bib25], [@bib87], [@bib88], [@bib8]). In methanol, BCDX-QUI-2 shows a relatively strong negative couplet, hence indicating that both of the quinoline chromophores are outside the CDX cavity and are relatively in proximity to each other. This conformational mode is a result of the high solvation and its location at the primary hydroxyl rim with the long ^1^B~b~ transitions being slightly tilted to the CDX axis. Similarly, because of its smaller cavity size, ACDX-QUI-2 gives a strong negative exciton couplet in both water and methanol, implying that both quinoline chromophores locate outside of the CDX cavity ([Figure 1](#fig1){ref-type="fig"}A). The weak positive CE peak at around 239 nm observed for GCDX-QUI-2 in methanol indicates that both of the quinoline chromophores are not completely excluded from the CDX cavity. This is because the large accommodating cavity size of the γ-CDX host results in the parallel orientation of the ^1^B~b~ electronic transitions to the CDX axis, hence producing a positive CD signal ([Figure 1](#fig1){ref-type="fig"}C).

The solvent-dependent conformational change of the three CDX-QUI-2 derivatives when transitioning from deuterated water to deuterated methanol was further analyzed by NMR measurements ([Figures 2](#fig2){ref-type="fig"} and [S24--S30](#mmc1){ref-type="supplementary-material"}). The ^1^H NMR spectra of the CDX-QUI-2 derivatives show complicated patterns with multiple overlapped signals from the CDX protons appearing between 3.0 and 4.2 ppm and well-resolved quinoline protons observed further downfield (7.0--9.0 ppm, [Figures S24--S30](#mmc1){ref-type="supplementary-material"}). The CDX protons of both BCDX-QUI-2 and GCDX-QUI-2 in D~2~O experienced corresponding up-field shifts observed at around 3.0--3.25 ppm in comparison with those in CD~3~OD. This clearly indicates that the appended quinoline chromophore is self-included into the CDX cavity as a predominant conformer ([Figure 1](#fig1){ref-type="fig"}D). The self-included pattern of BCDX-QUI-2 was also confirmed by the appearance of cross peaks between the quinoline protons and adjacent CDX protons in the 2D ROESY spectrum ([Figures 2](#fig2){ref-type="fig"} and [S28](#mmc1){ref-type="supplementary-material"}A). In CD~3~OD, the absence of these up-field shifted protons from CDX and the broadening of the quinoline signals indicate that both the quinoline moieties are located outside the cavity. This proposal was supported by the absence of the corresponding cross contour peaks in the 2D ROESY spectrum ([Figure S28](#mmc1){ref-type="supplementary-material"}B). ACDX-QUI-2 also shows the absence of the up-field shift for the CDX protons. This feature, along with the strong negative exciton couplet signals in both water and in methanol, clearly indicate that ACDX-QUI-2 exists as a single conformer with both the quinoline chromophores located outside the CDX cavity ([Figure 1](#fig1){ref-type="fig"}D).Figure 2^1^H--^1^H ROESY Spectrum of BCDX-QUI-2 in D~2~O at 25°C with a Mixing Time of 250 ms (400 MHz) and Proposed Conformation

The Q1 proton of quinoline moieties proved to be the best conformational indicator. Hence, in all CDX-QUI-2 derivatives the proton provided a sharp and intense signal in D~2~O, whereas in CD~3~OD, the resulting signal was less intense. This is evidence that the quinoline chromophores are expelled from the CDX cavity via strong solvation in the organic solvent. The expelled quinoline subunits can interchange their positions at a rate substantially faster than the NMR timescale, hence resulting in less intense and broadened NMR signals for the Q1 proton. According to the aforementioned discussion about conformational switching, in aqueous solution, the hydrophobic quinoline chromophores are expected to be immersed in the chiral microenvironment of appropriately sized CDX cavities, but this is not necessarily when using less polar methanol as solvent. Combining the results from CD and NMR experiments provides strong support for the existence of the proposed A/B/GCDX-QUI-2 conformers in both water and methanol ([Figure 1](#fig1){ref-type="fig"}D).

The relationship between solvent and conformation was further investigated for BCDX-QUI-2. In organic solvents such as CDCl~3~, DMSO-*d*~*6*~, CD~3~OD, and acetone-*d*~*6*~, the primary conformation of BCDX-QUI-2 appears to be one in which the quinoline chromophores are expelled from the chiral hydrophobic CDX cavity ([Figure S31](#mmc1){ref-type="supplementary-material"}). It should be noted that the presence of small organic molecules such as isopropanol and ethyl acetoacetate do not affect the predominant self-included conformer of BCDX-QUI-2 in D~2~O, with the corresponding co-inclusion complexes forming instead ([Figure S32](#mmc1){ref-type="supplementary-material"}).

Application of Adenosine Nucleotide Sensing Probe {#sec2.2}
-------------------------------------------------

Although positively charged CDXs with mono/per-aminomethyl and guanidine moieties have been reported to strongly bind nucleotides like AMP, ADP, and ATP ([@bib16], [@bib17], [@bib70], [@bib75], [@bib13], [@bib28], [@bib58], [@bib85], [@bib2], [@bib83], [@bib18], [@bib19]), the design and construction of such supramolecular systems as chemical sensors for nucleotides under practical applications remains a challenging task. Introduction of fluorophores to the primary or secondary side arms of CDXs may provide additional binding sites and fluorogenic signaling units, which can be used as artificial sensing receptors for biologically important small molecules and anions ([@bib92], [@bib59], [@bib42], [@bib43], [@bib44]). The fluorogenic bis-quinoline motifs in A/B/GCDX-QUI-2 are able to form the corresponding chelated complexes with Cu(II) and Zn(II) ions ([Schemes 2](#sch2){ref-type="fig"} and [S5](#mmc1){ref-type="supplementary-material"}, [Figures S33--S36](#mmc1){ref-type="supplementary-material"}), which can be used as sensing and differentiating receptors for nucleotides and inorganic phosphates. As will be detailed below, the selective response of the BCDX-QUI-2:Cu(II) complex **L1** toward various adenosine-based nucleotides in an aqueous medium was clearly demonstrated via UV-vis absorption and fluorescence spectroscopic studies and further supported by control experiments, ^1^H and ^31^P NMR spectroscopy, mass spectrometry analysis, and theoretical simulations.Scheme 2**Structures of Probes L1-L4**Schematic structures for probes **L1** and **L1(Zn)**, as well as control compounds **L2-L4** (green cone, CDX moiety; purple, quinoline groups; dark blue, chelating nitrogen atoms; light blue, Cu(II) or Zn(II) cation).

### Selective Response of Probe L1 in the Presence of Various Nucleotides and Inorganic Phosphates {#sec2.2.1}

The selective response of β-CDX-derived probe **L1** toward various adenosine nucleotides and inorganic phosphates was investigated by using UV-vis and fluorescence titrations ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). The measurements were carried out by adding five equivalents of nucleotides and inorganic phosphates to a fixed amount of probe **L1**. Remarkably, among the analytes tested, only AMP exhibited an enhancement of the absorption maxima at 303 and 315 nm ([Figure 3](#fig3){ref-type="fig"}A), accompanied by a blue-shifted (from 427 to 377 nm, Δλ~em~ = 50 nm) and quenched fluorescence emission ([Figure 4](#fig4){ref-type="fig"}A). ADP and ATP, on the other hand, both showed a small hypochromic effect in the absorption spectra and enhanced fluorescence emission at 427 nm (λ~exc.~ = 315 nm). Inorganic phosphates exhibited a relatively negligible change in the absorption and the fluorescence emission of the probe **L1**. Most importantly, it was only upon addition of AMP to **L1** that the aqueous solution turned from colorless to light blue with corresponding absorption maxima appearing at 303 and 315 nm and a less intense ligand-to-metal charge transfer (LMCT) band around \>325 nm. The relative absorption and fluorescence changes for selective sensing and the differentiating response of the probe **L1** in the presence of various nucleotides and inorganic phosphates are given in [Figures 3](#fig3){ref-type="fig"}B and [4](#fig4){ref-type="fig"}B. This unique change and differential binding behavior of **L1** with AMP, ADP, and ATP allows the molecular probe to be used as an effective sensor for discriminating between structurally similar nucleotides using either spectral means or even the naked eye.Figure 3Absorption based Sensing Response of Probe L1 towards Various Analytes(A) UV-vis absorption spectra of probe **L1** (37 μM) in the absence (black) and presence of nucleotides (5 equiv; AMP \[red\], ADP \[blue\], ATP \[magenta\]) and inorganic phosphates (5 equiv; Pi \[green\], PPi \[navy\], and triPi \[violet\]) in water at room temperature.(B) UV-vis absorption change (at 315 nm) of probe **L1** (37 μM) toward the nucleotides (5 equiv) AMP, ADP, ATP and inorganic phosphates (5 equiv) Pi, PPi, and triPi in water at room temperature (green bars represents the sole absorbance of probe **L1** and nucleotides at 315 nm; red bars represents the observed absorbance changes \[at 315 nm\] of probe **L1** upon addition of nucleotides and inorganic phosphates, respectively).Figure 4Fluorescence based Sensing Response of Probe L1 towards Various Analytes(A) Fluorescence spectra of probe **L1** (37 μM) in the absence (black) and presence of nucleotides (10 equiv; AMP \[red\], ADP \[blue\], ATP \[magenta\]) and inorganic phosphates (10 equiv; Pi \[green\], PPi \[navy\], and triPi \[violet\]) in water at room temperature (λ~exc~ = 315 nm).(B) Fluorescence response (at 427 nm) of probe **L1** (37 μM) toward the nucleotides (10 equiv) AMP, ADP, ATP and inorganic phosphates (10 equiv) Pi, PPi, and triPi in water at room temperature (green bars represents the sole fluorescence of probe **L1** and nucleotides at 427 nm; red bars represents the observed fluorescence changes (at 427 nm) of probe **L1** upon addition of nucleotides and inorganic phosphates, respectively).

### Investigation of Sensing and Differentiating Binding Response of Probe L1 with AMP, ADP, and ATP {#sec2.2.2}

In order to verify the differentiating binding response of probe **L1** with nucleotides AMP, ADP, and ATP, the corresponding absorption and emission titrations were carried out separately in water ([Figures 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}). It was found that **L1** shows a moderate fluorescence emission observed at 427 nm (λ~exc.~ = 315 nm) in water, which was blue shifted (from 427 to 377 nm, Δλ~em~ = 50 nm) and considerably quenched upon addition of 0--10 equivalents of AMP ([Figure 5](#fig5){ref-type="fig"}B), which is most probably due to the charge interaction between the adenine moiety and the quinoline chromophore when **L1** binds with AMP (see "[Theoretical Studies](#sec2.5.1){ref-type="sec"}" for detail). In the UV-vis spectra there is a noticeable enhancement of the absorption maxima at 303 and 315 nm with small red shifts (∼2--5 nm) and new long wavelength band (\>325 nm) upon addition of AMP ([Figure 5](#fig5){ref-type="fig"}A). Moreover, the color of the solution turned from colorless to light blue upon increasing the AMP concentration ([Figure 5](#fig5){ref-type="fig"}C). Indeed, Cu(II) ions having empty *d*-orbitals are able to form an LMCT ternary complex with the probe **L1** and electron-rich phosphate group of AMP, hence exhibiting a longer wavelength absorption band and changing the solution color to light blue ([@bib38], [@bib37], [@bib68], [@bib15], [@bib22], [@bib77]). In contrast, addition of ADP and ATP to the probe **L1** resulted in a significant enhancement of the fluorescence emission at 427 nm (λ~exc.~ = 315 nm) ([Figures 6](#fig6){ref-type="fig"}B and [7](#fig7){ref-type="fig"}B), and they demonstrated hypochromic effects of absorption maxima at 303 and 315 nm in the absorption spectra ([Figures 6](#fig6){ref-type="fig"}A and [7](#fig7){ref-type="fig"}A).Figure 5Absorption and Fluorescence Spectral Changes of Probe L1 towards AMP(A) Absorption and (B) fluorescence spectral changes (λ~exc.~ = 315 nm) of **L1** (37 μM) upon addition of AMP (0--10 equiv) in water at room temperature; (C) expansion of [Figure 5](#fig5){ref-type="fig"}A in the region of \>280 nm. Inset: Color change of probe **L1** upon addition of AMP.Figure 6Absorption and Fluorescence Spectral Changes of Probe L1 towards ADP(A) Absorption and (B) fluorescence spectral changes (λ~exc.~ = 315 nm) of probe **L1** (37 μM) upon addition of ADP (0--10 equiv) in water at room temperature. Inset: Expansion of [Figure 6](#fig6){ref-type="fig"}A in the region of 293--330 nm.Figure 7Absorption and Fluorescence Spectral Changes of Probe L1 towards ATP(A) Absorption and (B) fluorescence spectral changes (λ~exc~ = 315 nm) of probe **L1** (37 μM) upon addition of ATP (0--10 equiv) in water at room temperature. Inset: Expansion of [Figure 7](#fig7){ref-type="fig"}A in the region of 293--330 nm.

It is important to emphasize that poor binding efficiency has been observed for nucleotides upon interaction with native CDXs. For example, the association constant (*k*~a~) of *β*-CDX with AMP is 41 M^−1^, through non-specific hydrophobic interactions ([@bib18], [@bib19]). Nucleotide binding to CDX can be enhanced considerably, however, upon functionalization with a respective number of cationic amino groups on the primary side of the cyclic oligosaccharide framework (*k*~a~ of per-methylamino-*β*-CDX with AMP and ATP are 1.26 × 10^5^ M^−1^ and 3.24 × 10^6^ M^−1^, respectively, whereas per-guanidino-*β*-CD with ADP or ATP form irreversible complexes due to the ionic/columbic interaction and salt bridge formation) ([@bib27], [@bib16], [@bib85]). These results demonstrate that the sensing and binding response of probe **L1** with adenosine nucleotides differed based on the length of anionic phosphate esters attached to the hydrophobic adenine moiety. This response depends mainly on the coordinating ability of the phosphoric anion group to the metal ion and the nature of host:guest (H:G) interaction of the adenine moiety with the CDX cavity. The calculated *k*~a~ values of BCDX-QUI-2 with AMP, ADP, and ATP are 5.55 × 10^3^, 443, and 308 M^−1^, respectively ([Table S1](#mmc1){ref-type="supplementary-material"} and [Figure S38](#mmc1){ref-type="supplementary-material"}), which are considerably less in comparison with the *k*~a~ values of probe **L1** with the same nucleotides (4.24 × 10^4^, 4.78 × 10^4^, and 5.15 × 10^4^ M^−1^, respectively; [Table 1](#tbl1){ref-type="table"} and [Figures S40--S42](#mmc1){ref-type="supplementary-material"}). This observation clearly indicates that the metal ion plays a key role in sensing and differentiating the binding response. It is interesting to find that the binding constants of nucleotides with **L1** are very much similar, despite their different charge in nucleotides in water. This is most probably due to the unique binding mode of **L1** with nucleotides, as only one phosphate group of nucleotides could bind the metal center of **L1**, whereas the hydrophobic part of the nucleotides that complexes with the CD cavity is exactly same.Table 1Association Constants (*k*~a~) Determined for Probe **L1** and Nucleotides in Aqueous Medium at Room TemperatureHostGuest*k*~*a*~/M^−1^Probe **L1**AMP4.24 × 10^4^Probe **L1**ADP4.78 × 10^4^Probe **L1**ATP5.15 × 10^4^Probe **L1**Other anions[a](#tblfn1){ref-type="table-fn"}--[^2][^3]

Supramolecular Complex Stoichiometry {#sec2.3}
------------------------------------

The stoichiometry of the supramolecular complexes are mainly found from the Job\'s method, which is a common method and powerful tool for the determination of the complex stoichiometry of an equilibria ([@bib34]). Job\'s plots based on absorption titrations suggest the formation of a 1:1 complex ([Figure S43](#mmc1){ref-type="supplementary-material"}) between the probe **L1** and nucleotides AMP, ADP, or ATP.

NMR Studies {#sec2.4}
-----------

The origin behind the observed remarkable sensing and differentiating response of probe **L1** with the nucleotides was investigated by using ^1^H NMR and ^31^P NMR spectroscopy. Since the paramagnetic Cu(II) ion of **L1** is not suitable for the NMR studies, the analogous zinc complex **L1(Zn)** was used to examine the mode of binding of the formed complexes. It was found that the aromatic protons of quinoline are slightly shifted upfield and became broader upon sequential addition of AMP, ADP, and ATP. Additionally, the CDX protons (3.0--4.2 ppm) were completely broadened and also experienced a large upfield shift upon addition of the nucleotides ([Figures S44--S46](#mmc1){ref-type="supplementary-material"}). This is due to the ring current effect from adenine aromatic ring strongly affecting the CDX protons. Upon complexation with AMP, the aromatic adenine signals of the included nucleotide base underwent upfield shifts. In the case of ADP complexation, signals for protons in the pyrimidine ring also showed an upfield shift, whereas signals from the imidazole ring experienced a downfield shift. For ATP complexation, the proton resonances of the aromatic adenine moiety were shifted downfield as a result of the interaction mode, in which the adenine moiety is located outside the CDX cavity and thus experienced the downfield shift. These observations clearly support the suggestion that the existence of significantly variable binding patterns of the adenine moiety and the involved H:G interactions between **L1(Zn)** and nucleotides are responsible for the differentiating and sensing response of probe **L1(Zn)** toward AMP, ADP, and ATP.

The ^31^P NMR spectra of the complexes of the probe **L1(Zn)** with AMP, ADP, and ATP were recorded separately ([Figure 8](#fig8){ref-type="fig"}). It was revealed that the respective α-, β-, and γ-phosphorus atoms of AMP, ADP, and ATP ([Scheme 1](#sch1){ref-type="fig"}) showed different chemical shifts with respect to their distance from the metal center and the H:G interaction with the CDX cavity of **L1(Zn)**. In the case of AMP bound to **L1(Zn)**, there is a relatively large upfield shift (Δδ = +2.046 ppm) of the α-P signal from −3.819 to −1.773 ppm, indicating that the phosphate group strongly coordinates to the metal ion. On the other hand, the P signals of ADP (two signals) and ATP (three signals) show downfield shifts upon binding to **L1(Zn)**, which varied in extent with respect to the binding of terminal phosphate group to the Zn cation ([Figure 8](#fig8){ref-type="fig"}). For ADP, the α-P and β-P signals experienced a downfield shift (Δδ = −0.526 and −1.373 ppm, respectively). For both ADP and ATP, the shift of α-P resonance was relatively smaller than that of β-P resonance, hence indicating that the β-P atom of ADP strongly interacts with the Zn ion. Similarly, the α-, β-, and γ-P signals of ATP show downfield shifts (Δδ = −0.343, −2.956, and −3.478 ppm, respectively) upon complexation with the probe **L1(Zn)**, also suggesting that the γ-P atom of ATP strongly interacts with the metal center. These observations indicate that only the more negatively charged terminal phosphate groups (owing to the presence of two negative charges) play a key role in binding to the Zn ion. On the basis of literature data ([@bib16], [@bib17], [@bib70], [@bib75], [@bib13], [@bib28], [@bib58], [@bib85], [@bib2], [@bib83], [@bib18], [@bib19], [@bib92], [@bib59]) and the observed results, the following differentiating models for binding of **L1** to AMP, ADP, and ATP can be illustrated schematically, as demonstrated in [Scheme 3](#sch3){ref-type="fig"}.Figure 8^31^P NMR Spectra of Nucleotides and its Complexes with Probe L1(Zn)^31^P NMR spectra of AMP, ADP, and ATP (lower panel) and its complexes with the probe **L1(Zn)** (upper panel)Scheme 3Proposed Sense and Differentiating MechanismProposed sense and differentiating binding patterns of **L1** with AMP, ADP, and ATP in water.

Importance of the CDX Cavity and Its Size {#sec2.5}
-----------------------------------------

The observed differential binding responses between **L1** and the three different nucleotides, such as absorption changes, blue-shifted fluorescence quenching by AMP ([Figure 5](#fig5){ref-type="fig"}), hypochromic effects in absorption, and enhanced fluorescence emission at 427 nm by ADP and ATP ([Figures 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}), unambiguously indicate that the cavity of the *β*-CDX group in **L1** plays a crucial role in this structural selectivity. To rationalize this result, a reference molecule without the CDX cavity (Bu-QUI-2) was synthesized ([Schemes 2](#sch2){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}) and its Cu(II) complex (**L4**) was used to study the corresponding sensing and differentiating response. These control experiments were carried out in the presence and absence of native (non-modified) *β*-CDX serving as an external host cavity. Upon addition of the nucleotides to an aqueous solution of **L4**, we found a negligible variation in the absorption spectra ([Figure S48](#mmc1){ref-type="supplementary-material"}), both with and without *β*-CDX ([Figure S49](#mmc1){ref-type="supplementary-material"}). This result indicates a synergistic contribution between the hydrophobic cavity of *β*-CDX and the covalently linked bis-quinoline moiety in **L1** toward generating the differentiating binding pattern and spectral response of the molecular probe. Additionally, control experiments with the complex between **L1** and the strongly binding guest molecule 1-adamantanecarboxylic acid (1-AdCA) ([@bib11]) were carried out so as to validate the importance of *β*-CDX cavity in the probe **L1** for efficient binding of nucleotides. The **L1**:1-AdAC complex was titrated against nucleotides and showed no discernible spectral change ([Figure S50](#mmc1){ref-type="supplementary-material"}). This result demonstrates that the strongly bound 1-AdCA effectively blocks access of the nucleotide to the CDX cavity, hence preventing the corresponding nucleotide binding.

In order to examine the effect of cavity size on the differential binding behavior of probe **L1** to nucleotides, we repeated the nucleotide binding studies with *α*-CDX-based **L2** and *γ*-CDX-derived probe **L3**, which possess smaller and larger cavity sizes, respectively, in comparison with **L1** ([Figures 9](#fig9){ref-type="fig"} and [S47](#mmc1){ref-type="supplementary-material"}). The titration of **L2** with the corresponding nucleotides showed an insignificant change in the absorption spectra and a small enhancement of the fluorescence emission upon addition of AMP, ADP, or ATP ([Figures 9](#fig9){ref-type="fig"} and [S47](#mmc1){ref-type="supplementary-material"}). Similar titration studies were also carried out with **L3** showing even less variation in the absorption spectra and relatively small changes in the fluorescence spectra ([Figures 9](#fig9){ref-type="fig"} and [S47](#mmc1){ref-type="supplementary-material"}). These results demonstrate the requirements of the CDX cavity for effective nucleotide binding, which in turn depends upon the size of the cavity acting as a portal for the sensing and differentiating response.Figure 9Absorption and Fluorescence Spectral Changes of Probe L1-L3 upon Binding with AnalytesComparison of (A) absorption (ΔAbs.) and (B) fluorescence spectral changes (ΔEmis.; λ~exc.~ = 315 nm) of probe **L1-3** upon addition of nucleotides (AMP, ADP, and ATP) and inorganic phosphates in aqueous medium at room temperature.

### Theoretical Studies {#sec2.5.1}

The proposed differential binding mechanism is strongly supported by corresponding theoretical calculations. On the basis of these experimental results and in accordance with the literature data ([@bib16], [@bib17], [@bib70], [@bib75], [@bib13], [@bib28], [@bib58], [@bib85], [@bib2], [@bib83], [@bib18], [@bib19], [@bib21], [@bib82], [@bib38], [@bib37], [@bib68], [@bib15], [@bib22], [@bib77], [@bib5], [@bib30], [@bib79]), the sensor probe **L1** and the corresponding nucleotide complexes (**L1**:AMP/ADP/ATP) were examined by density functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations at the B3LYP/6-31G(d) level by using the Gaussian 09 program ([Figures 10](#fig10){ref-type="fig"}, [S51](#mmc1){ref-type="supplementary-material"}, and [S52](#mmc1){ref-type="supplementary-material"}) ([@bib20]). For BCDX-QUI-2, both the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are distributed on the tethered *N*-bis-8-methylamino part and quinolyl scaffolds, respectively, with an energy difference (ΔE) of 4.93 eV that decreased down to 4.60 eV upon coordination with Cu^2+^ in the probe **L1**. For comparison, the HOMO and LUMO of AMP, ADP, and ATP are located at the adenine moiety with ΔE values decreasing in the following order: 5.43, 5.42, and 5.35 eV, respectively, which correlate with increasing the number of phosphate groups. For gaining more insights into the binding pattern between the probe **L1** and these three nucleotides, the corresponding calculations were performed separately with the results shown in [Figure 10](#fig10){ref-type="fig"}.Figure 10**DFT Study of Probe L1: nucleotide Complexes**DFT optimized structures, HOMO-LUMO energy levels, and interfacial plots of the orbitals for the three proposed **L1**:nucleotide complexes

The energy minimized structures of the complexes were acquired from the design strategy and the experimental results discussed above via the coordination of the terminal phosphate group of the nucleotide to the metal ion of **L1**. The calculated ΔE values of the **L1**:AMP/ADP/ATP complexes (6.3764, 5.2567, and 4.8731 eV, respectively) decreased considerably upon the increases in the number of phosphate groups in the nucleotides. Furthermore, the HOMO electron clouds of these complexes were only distributed on the adenine moiety, whereas the LUMO electron cloud distributions varied with the differential binding patterns of the different nucleotides with the probe **L1**. The LUMO level electron clouds for the complex **L1**:AMP is distributed on the *N*-bis-8-methylamino part only, whereas for the **L1**:ADP/ATP complexes, the LUMO electron clouds distributed on both the *N*-bis-8-methylamino part and quinoline scaffolds. This indicates a good match between the molecular size of AMP and probe **L1**, hence allowing the adenine base moiety in AMP to occupy the hydrophobic cavity region of *β*-CDX via corresponding non-covalent interactions (*k*~*a*~ = 4.24 × 10^4^ M^−1^). In turn, the CDX walls restrict the electron density shift process from the adenine moiety to the quinoline chromophore, which is consistent with the observed results (quenched fluorescence emission, enhanced absorption maxima at 303 and 315 nm, and new long wavelength absorption band at \>325 nm with blue coloration upon addition of AMP to the probe **L1**). Binding of the terminal phosphate groups of ADP and ATP to the metal center of probe **L1** forces the adenine chromophore to sit outside of the CDX cavity, which simultaneously allows the electron density to be shifted from the adenine moiety to both the *N*-bis-8-methylamino part and the quinolyl chromophore. This shift in electron density also is consistent with the obtained experimental data (enhanced fluorescence emission, small hypochromic effect in the absorption maxima at 303 and 315 nm, and no optical color change upon addition of ADP or ATP to the probe **L1**). In addition, the TD-DFT ground and excited state calculations of **L1** and its nucleotide complexes provide the corresponding simulated absorption (303 and 315 nm) and emission (for AMP and ADP/ATP, 377 and 427 nm, respectively) bands, which are in full agreement with the experimentally observed results. Therefore, the present study establishes an effective design strategy for the differentiation of nucleotides by using the probe **L1**.

Enzyme and Stimuli Responsive *In Situ* Monitoring of Optical Signaling, Enzymatic ATP Hydrolysis, and AMP Phosphorylation {#sec2.6}
--------------------------------------------------------------------------------------------------------------------------

As nucleotides play a vital role in most fundamental biological reactions catalyzed by enzymes ([@bib69], [@bib93], [@bib10]), monitoring such enzymatic activity in real time has a significant practical importance to biological and medical science. Thus, on the basis of the established differentiating ability of the probe **L1** toward AMP, ATP, and ADP, a real-time monitoring of the enzymatic activity of the enzymes creatine kinase (CK, AMP/ADP → ATP) and apyrase (ATP → ADP → AMP) was tested ([Scheme 4](#sch4){ref-type="fig"}) ([@bib42], [@bib43], [@bib44], [@bib69], [@bib93], [@bib10]).Scheme 4Schematic Representation of Enzyme Catalyzed AMP/ADP Phosphorylation and ATP/ADP Hydrolysis ProcessTwo enzymatic reactions involving adenosine nucleotides and their products detected by using the differentiating probe **L1**, (A) creatine kinase (CK)-catalyzed phosphorylation of AMP and/or ADP using creatine phosphate (CP) to produce ATP and creatine, (B) hydrolytic enzyme apyrase-catalyzed dephosphorylation of ATP → ADP → AMP and Pi.

The enzyme-catalyzed phosphorylation and dephosphorylation reactions were carried out with and without the probe **L1** and monitored by two different methods (Phosphorylation Method I/II (PM-I/II) and Dephosphorylation Method I/II (dPM-I/II); see [Transparent Methods](#mmc1){ref-type="supplementary-material"} section in [Supplemental Information](#appsec1) and [Figure S53](#mmc1){ref-type="supplementary-material"}). In both methods, under the catalysis by CK, ADP phosphorylated with creatine phosphate (CP) to produce ATP and creatine, and the fluorescence intensity of the probe **L1** thus increased over time due to the formation of the **L1**: ATP complex ([Figures 11](#fig11){ref-type="fig"}A and 11B). CK-catalyzed AMP phosphorylation with CP is comparatively less feasible in comparison with ADP ([Figures S54](#mmc1){ref-type="supplementary-material"} and [S55](#mmc1){ref-type="supplementary-material"} in SI). The fluorescence spectra of **L1** in the presence of substrate (ADP + CP) and product (ATP + creatine) were measured in water ([Figure 11](#fig11){ref-type="fig"}A). The observed fluorescence enhancements over time during the CK catalysis are in good agreement with the separate fluorescence measurements of **L1** in the presence of substrate and product. Similarly, the hydrolytic apyrase enzyme catalyzed the dephosphorylation of ATP and ADP and the reaction was also followed by monitoring the fluorescence of dissolved **L1** at different time intervals. Such studies showed a corresponding fluorescence quenching over time ([Figures 11](#fig11){ref-type="fig"}D and [S57](#mmc1){ref-type="supplementary-material"}). The obtained results are comparable with the fluorescence emissions of **L1**:AMP/ADP/ATP and Pi complexes ([Figures 11](#fig11){ref-type="fig"}C and [S56](#mmc1){ref-type="supplementary-material"}). In both cases, the fluorescence kinetic data indicate that the enzymatic conversion reaction rates of ADP → ATP and ATP →→ AMP were accelerated upon increasing the relative concentration of the enzymes CK or apyrase, respectively ([Figures 11](#fig11){ref-type="fig"}B and 11D). The real-time monitoring of the enzymatic activity of apyrase (ATP → ADP → AMP and Pi) also was verified by ^31^P NMR spectroscopy measurements at different time intervals with EDTA as a catalyst quencher ([Figure S58](#mmc1){ref-type="supplementary-material"}). The observed ^31^P NMR spectral peaks of a reaction mixture containing the probe **L1(Zn)**:ATP + apyrase revealed the ratio of hydrolyzed products (ADP and AMP) at different time intervals.Figure 11Results of Enzyme Catalyzed ADP Phosphorylation and ATP Hydrolysis(A) Fluorescence spectra of the solution of **L1** (37 μM) + ATP or ADP (10 equiv), **L1** (37 μM) + ATP (10 equiv) + CP (10 equiv), and **L1** (37 μM) + ADP (8 equiv) + creatine (10 equiv) in water.(B) Time-trace plots of CK-catalyzed ADP phosphorylation monitored by emission intensity at 427 nm in two different methods PM-I and PM-II, \[ADP\] = 300 μM, \[CP\] = 10 equiv, \[CK\] = 0, 4, and 7 units, MES buffer (10 mM, pH = 6.5) at 37°C (λ~exc~ = 315 nm, slit: 5 nm/5 nm).(C) Fluorescence spectra of the solution of **L1** (37 μM) + ATP or AMP (10 equiv), **L1** (37 μM) + ATP (10 equiv) + Pi (10 equiv), and **L1** (37 μM) + AMP (10 equiv) + Pi (10 equiv) in water.(D) Time-trace plots of apyrase-catalyzed ATP dephosphorylation monitored by emission intensity at 427 nm in two different methods PM-I and PM-II, \[ATP\] = 370 μM, \[apyrase\] = 0, 3, 6 and 10 units, HEPES buffer solution (10 mM, pH = 7.4) at 37°C (λ~exc~ = 315 nm, slit: 5 nm/5 nm).

Conclusions {#sec2.7}
-----------

Herein, we designed and synthesized a series of *bis*-8-methylquinolyl chromophore-tethered CDX derivatives and studied their conformations in different solvents. The corresponding metal complexes **L1--L3** were utilized as efficient sensing and discriminating probes for nucleotide phosphates. *β*-CDX-based probe **L1** was found to serve as a specific supramolecular colorimetric (visible) and fluorescent sensor for discriminating between structurally similar nucleotide phosphates and their related inorganic phosphates in aqueous media. The present study establishes the obvious need of the CDX cavity for nucleotide binding, which in turn depends on the specific cavity size for providing the interaction portals for the corresponding sensing and differentiating response. A mechanism for the signaling and nucleotide differentiation was established from control experiments and theoretical (DFT and TD-DFT) studies. The present sensor also can be applied efficiently for the fluorescent real-time monitoring of nucleotide phosphorylation and dephosphorylation processes catalyzed by enzymes such as creatine kinase and apyrase, respectively. This supramolecular probe-based sensing/differentiating approach and the real-time monitoring of the enzyme-catalyzed phosphorylation/dephosphorylation processes of nucleotides might open up new avenues for many interdisciplinary researchers; this present research results will also be expandable to the detection of other nucleotides and *in vivo* monitoring applications.

Limitations of the Study {#sec2.8}
------------------------

The real-time monitoring of biological processes via fluorescent and colorimetric changes in this study was achieved *in vitro*; the enzyme-catalyzed phosphorylation and dephosphorylation reactions are surely more complicated *in vivo* and deserve further investigation but was limited by the present experimental conditions.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S58, Schemes S1--S5, and Table S1
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[^1]: Lead Contact

[^2]: All of the nucleotides were added as sodium salts. *k*~a~ was determined by fitting the absorption change in the UV-vis titration spectra of probe **L1** upon addition of nucleotides.

[^3]: Other anions---not determined.
